Abbreviations used: ATR-FTIR, attenuated total reflectance Fourier-transform infrared; CD, circular dichroism; CFU, colony-forming units; hRBC, human red blood cells; PBS, phosphate buffered saline; PI, phosphatidylinositol; PE, phosphatidylethanolamine; RP-HPLC, reverse phase high-performance liquid chromatography. performed by using tryptophan fluorescence, ATR-FTIR and CD spectroscopy, as well as transmembrane depolarization assays with bacteria and fungi. The data suggest that the lipopeptides act by increasing the permeability of the cell membrane, and that differences in their potency and target specificity are the result of differences in their oligomeric state and ability to dissociate and insert into the cytoplasmic membrane. These results provide insight regarding a new approach of modulating hydrophobicity and the self-assembly of non-membrane interacting peptides, in order to endow them with both antibacterial and antifungal activities urgently needed to combat bacterial and fungal infections.
INTRODUCTION
Together with the growing number of individuals with impaired host defenses, invasive mycoses have emerged as major causes of morbidity and mortality in the last decade (1) (2) (3) (4) (5) .
Although the spectrum of fungal pathogens has changed, the vast majority of invasive fungal infections are still due to Aspergillus and Candida species (4) (5) (6) . Owing to their eukaryotic nature, fungal cells have only a restricted set of unique targets. This makes it difficult to selectively target fungal cells. Two major families have been used for more than two decades to combat fungi; these include azoles that inhibit sterol formation and polyenes that bind to mature membrane sterols. However, the development of fluconazole resistance among different pathogenic strains and the high toxicity of amphotericin B (7) (8) (9) µM in the presence of 1% lysophosphatidylcholine (LPC) micelles. Fractional helicities (25, 26) were calculated as follows:
where 222 , corresponding to 0% and 100% helix content at 222 nm, are estimated to be -2,000 and -32,000 deg.cm 2 /dmol, respectively (25) .
In Vivo Transmembrane Potential Depolarization Assay in Bacteria and Yeast. Membrane destabilization, which results in the collapse of transmembrane potential, was detected fluorimetrically by using a fluorescence dye (27) (see details below for bacteria and yeasts). The dye binds the plasma membrane owning to the cell transmembrane potential, resulting in a quenching of the dye's fluorescence. Peptide-induced membrane permeation caused a dissipation of the transmembrane potential that was monitored by an increase in fluorescence due to release of the dye. Experiments were performed in sterile 96-well plates (Nunc F96 microtiter plates) in a final volume of 100 µl, as follows: 50 µl of the cell suspensions and the dye were added to 50 µl of water containing the peptide in serial 2-fold dilutions. Membrane depolarization was monitored by an increase in the fluorescence of diS-C3-5 (excitation wavelength λ ex = 622 nm, emission wavelength λ em = 670 nm).
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ATR-FTIR Data Analysis.
To resolve overlapping bands, we processed the spectra using PEAKFIT TM (Jandel Scientific, San Rafael, CA) software. Second-derivative spectra were calculated to identify the positions of the component bands in the spectra. These wavenumbers were used as initial parameters for curve fitting with gaussian component peaks. Positions, bandwidths, and amplitudes of the peaks were varied until a good agreement between the calculated sum of all components and the experimental spectra was achieved (r 2 > 0.999). The relative amounts of different secondary structure elements were estimated by dividing the areas of individual peaks assigned to a particular secondary structure by the whole area of the resulting amide I band.
Analysis of the Polarized ATR-FTIR Spectra. The ATR electric fields of incident light were calculated as follows (29, 30) .
where θ  is the angle of a light beam to the prism normal at the point of reflection (45°), and n 21 =n 2 /n 1 (n 1 and n 2 are the refractive indices of ZnSe, taken as 2.4, and the membrane sample, taken as 1.5, respectively). Under these conditions, E x , E y , and E z are 1.09, 1.81, and 2.32, respectively. The electric field components, together with the dichroic ratio (defined as the ratio between absorption of parallel (to a membrane plane), A p , and perpendicularly polarized incident light, A s ) are used to calculate the orientation order parameter, ƒ, by the following formula:
where α is the angle between the transition moment of the amide I vibration of an α-helix and the helix axis. Several values ranging from 27º-40° were reported in the literature for α (31). We used the values of 27° (29, 32) and 39° (33) for α. Lipid order parameters were obtained from the symmetric (~2853 cm -1 ) and antisymmetric (~2922 cm -1 ) lipid stretching modes using the same equations, setting α = 90° (29) .
Tryptophan Fluorescence Measurements.
To determine the environment of the peptides, we measured changes in the intrinsic tryptophan fluorescence in PBS and upon binding to vesicles.
A peptide (1 µM) was added to PBS, or PBS containing 1 mM PC/PE/PI/ergosterol (5:2.5:2.5:1)
SUVs. Emission spectra were measured on a SLM-Aminco, Series 2 Spectrofluorimeter, with the excitation set at 280 nm, using a 4-nm slit, recorded in the range of 300-400 nm (4-nm slit).
In these studies, SUVs were used to minimize differential light-scattering effects, (34) and the lipid/peptide molar ratio was kept high (1000:1), so spectral contributions of free peptide would be negligible. Table 1 shows the sequence of the peptides, their designations and molecular weights.
RESULTS

Peptide
Antibacterial and Antifungal Activity. Antibacterial activity was assayed against three strains of Gram negative (P. aeruginosa, A. baumannii, and E. coli) and two strains of Gram positive (S.
aureus, B. subtilis) bacteria. Table 2 Hemolytic activity of the lipopeptides. The hemolytic activity of the lipopeptides against a highly diluted solution of human erythrocytes (4%) is shown in Figure 1 . The data revealed that PA-D-G and PA-D-A, which were highly active against bacteria, yeasts, and fungi showed low hemolytic activity. In contrast, PA-D-V and PA-D-L, which were practically devoid of antibacterial activity and only partially killed yeasts and fungi, were highly hemolytic.
Oligomerization of the Lipopeptides in Solution Detected by Tryptophane Fluorescence and
CD Spectroscopy. We monitored the fluorescence emission spectrum of the intrinsic tryptophan in aqueous solution. We found that the signal of the Trp emission in PA-D-V was fully quenched (Table 4) possibly because of close proximity between the tryptophans which causes selfquenching. Since tryptophan is located along the peptide chain, we can assume that the peptidic moiety exists as an oligomer in solution, as suggested previously for the non-lipidic form (22) .
The data also revealed a significant blue shift in the case of PA-D-L, which suggests that the peptide is located in a more hydrophobic environment. This could possibly happen if the peptide interacts with the lipid moiety, either by bending on itself, as suggested previously with the all L-amino acid magainin derivative (21), or alternatively, because of the formation of micelles in which the peptide is bound to the lipidic moiety. In contrast, no blue shift was observed for PA-D-G and PA-D-A, which suggests that these lipopeptides are either monomeric or oligomerize through the lipidic moiety, whereas the Trp environment is exposed to the solution.
To further support our findings, we measured the effect of the lipophilic moiety on the structure of the peptides in PBS as measured by CD spectroscopy (Figure 2 ). Dose-dependent (from 10 µM to 100 µM) CD spectral profiles of the lipopeptides showed that only PA-D-L adopts a well-defined α-helical structure, which is concentration-independent. A peptide can form a distinct secondary structure in solution either if it oligomerizes such that the hydrophobic surfaces are packed one against another and the hydrophilic surfaces face the solution, or alternatively, if it is inserted into a hydrophobic environment that could be produced by micellization of the palmitoyl groups. K,L containing diastereomeric peptides were shown previously to be monomeric in solution (22) . Furthermore, the blue shift in Trp fluorescence (see above) revealed that the peptide is located in a hydrophobic environment. These data support the second possibility, suggesting the formation of mixed micelles.
Secondary Structure of the Lipopeptides in the Membrane. The secondary structure of the lipopeptides was measured in PC/PE/PI/ergosterol multibilayers by using ATR-FTIR spectroscopy. We exchanged hydrogen with deuterium (see Materials and Methods) to make it possible to differentiate α-helical components from a random structure, since the absorption of the random structure shifts to a greater extent than the α-helical component after deuteration (36) . The amide I region spectra of the bound lipopeptides are shown in Figure 3 . Second derivatives accompanied with Savitsky-Golay smoothing were calculated to identify the positions of the component bands in the spectra and are given in the corresponding panels in Figure 3 . We used these wavenumbers as initial parameters for curve fitting with gaussian component peaks. Table 5 
DISCUSSION
The most interesting result in this study is the finding that the attachment of palmitic acid to the N-terminus of positively charged short peptides, which are inert toward microorganisms (D-G, D-A peptides), endowed them with a broad spectrum of potent antibacterial and antifungal activity, and with a low hemolytic activity against the highly diluted solution of hRBCs. In contrast, the same modification to a potent antimicrobial peptide (D-L peptide), abolished its antibacterial activity, but increased both its antifungal and hemolytic activities. Furthermore, the parental D-V peptide was inactive toward bacteria, fungi and yeasts, whereas its palmitoylated form was active only toward the two strains of yeasts tested (Tables 2,3 ).
Many studies with membrane-active peptides have demonstrated the important role of hydrophobicity and structure for their biological function (39, 40) . Here, all four parental peptides were derived from a similar peptidic backbone and contain the same number of positive charges located at the same positions. However, they differ markedly in their hydrophobicities.
We show that palmitic acid, attached to the N-terminus of the inactive peptides, can compensate for the hydrophobicity of the peptidic chain. Note that shorter acyl analogues could enhance the antibacterial activity of a peptide fragment of human lactoferrin, which originally had weak antibacterial activity (41), or endowed antibacterial peptides with antifungal activity (21).
The peptidic moieties have different structures and organizations within the lipopeptide's oligomers
In order to shed light on the mode of action of these new lipopeptides, we examined their oligomeric state, their ability to increase the membrane permeability, as well as their structure and location when bound to membranes. Previous studies showed that the parental non- Here, all the palmitoylated peptides are expected to form micelles. Indeed, previous studies showed that the micellar concentration of palmitic acid conjugated to an amino acid is in the µM range and should significantly decrease by increasing the peptidic chain (42). However, the structure and the organization of the peptidic chains in solution are different for the lipopeptides. CD spectroscopy revealed a defined α-helical structure in solution only for PA-D-L (Figure 2) . Furthermore, the Trp environment of this peptide is more hydrophobic than that expected in solution (Table 4) Therefore, the dissociation of these two oligomers is probably more difficult than the dissociation of the lipopeptides containing Gly and Ala, once they bound to the target cell.
Oligomer dissociation seems to be an important requirement for antimicrobial activity, because many pathogens including bacteria, yeasts, and fungi are surrounded, in addition to the plasma membrane, by an external barrier, which contains mainly polysaccharide compounds.
Therefore, to reach the cytoplasmic phospholipid membranes (the possible target of the lipopeptides, as will be discussed in the following section), they need to traverse the microorganism's cell wall. As soon as the peptides cross the cell wall of the pathogen, the only barrier left is the plasma membrane. Thus, the smaller the size of the molecule, the higher is its ability to penetrate through the cell wall to reach the plasma membrane. This should result in improved biological activity. Hancock and coworkers termed this process for Gram-negative bacteria, a self-promoted uptake (45) . Indeed, the most active and those with the broadest spectrum of activity are PA-D-G and PA-D-A. However, both are also the less hemolytic peptides. This can be explained if we take into account the negatively charged glycocalix layer surrounding the cytoplasmic membrane of erythrocytes. The positively charged peptides are probably attached first to the glycocalix layer via electrostatic interaction. However, because the peptidic moiety has low affinity to zwitterionic membranes, it makes it more difficult for these two peptides to partition into the cell phospholipid membrane, compared with the more hydrophobic ones.
The plasma membrane is the main target of the lipopeptides
Similar to other antimicrobial peptides, the main target of the lipopeptides is the plasma membrane. This is supported by the finding of a correlation between the antifungal activity of Note that native lipopeptides already exist and they possess a broad spectrum of activities, including antibacterial, antifungal, antiviral, and cytolytic activities (46) (47) (48) (49) (50) (reviewed in (51) ). However, compared with the lipopeptides presented here, most of them have a unique alkyl chain bound to a short peptide chain (6-7 amino acids), and are cyclic (52) , and composed mainly of hydrophobic and acidic L-and D-amino acids. They have been shown to act either via non-specific membrane lysis, e.g, iturin (53) and surfactin (54) , or via inhibition of the synthesis of cell wall components, e.g., the echinocandins family, which inhibits the synthesis of 1,3-β-Dglucan (55) (reviewed in (9) ). However, although the echinocandins, especially caspofungin, were approved by the FDA for therapeutic usage (56,57) they are limited mostly to Candida and Aspergillus species whereas the Cryptococcal disease remains uncovered by these drugs. B. subtilis (ATCC 6051) P. aeruginosa (ATCC 27853) A. baumannii (ATCC 19606) E. coli ( 
For peptides' sequences see Table 1 . n.d. -not determined Cryptococcus neoformans Aspergillus fumigatus (ATCC 26430) Aspergillus flavus (ATCC 9643) Aspergillus niger (ATCC 9642) D-G >100 >100 >100 >100 >100 
